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FOREWORD

The work described in this Annual Technical Report was performed at the United

Technologies Research Center (UTRC) under Contract N00014-80-C-0476, Modification

P00002, entitled "Study of Flow Distribution Control characteristics in Marine
Gas Turbine Waste-Heat Steam Generator Systems", for the Office of Naval Research

(ONR). This report summarizes results obtained for the Phase I - (First year)

study on flow Distribution characteristics and Control in diffusers which is an
integral part of a two-year study program on fluid dynamics and heat transfer
problems involving the marine gas turbine waste-heat recovery systems. Dr.
Simion C. Kuo is the Principal Investigator for this contract, and Dr. Ho-Tien
Shu is the major contributor for this phase of the study. Many collegues in the
Computational Fluid Dynamics Group provided valuable consultation support for
this study.

The research contract was signed by ONR on July 23, 1980, and the ONR Program
Manager is Mr. M. Keith Ellingworth of ONR, Arlington, virginia. Valuable
guidance and comments received from Mr. Ellingsworth are greatly appreciated.
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Flow Distribution Control Characteristics in Marine Gas
Turbine Waste-Heat Recovery Systems

Phase I - Flow Distribution Characteristics and Control in Diffusers

SUMMARY

The object of this study was to investigate flow distribution characteristics
and control in the marine gas turbine diffusers most suitable for waste heat
recovery systems. The major technical problems associated with nonuniform flow
distributions in heat-exchanger or flow-equipment systems were reviewed. Various
means to alleviate or minimize these undesirable problems were evaluated. Four
sets of candidate flow-distribution data were selected from the measured exhaust
velocities of LM2500 and FT4 gas turbines for input to the present study. A two-
dimensional turbulent flow model for diffusers was developed and computerized, and
five diffuser geometries suitable for marine gas turbine waste-heat recovery appli-
cations were investigated based on the actual flow distribution data. The exit
flow distribution characteristics (velocity, mass-flux, pressure recovery, and

temperature) and diffuser performance with and without flow-distribution controls
were analyzed using the computer programs developed. It was found that nonuniform
flow distribution in the gas turbine exhaust can reduce diffuser efficiency to half
that attainable with uniform flow, and that the diffuser exhaust velocities will be
more uniform by using guide vanes and/or flow injection than merely using nonsym-
metric diffusers. The diffuser efficiency can be improved 20 to 36 percentage points
by using these control means.

This study program was conducted by the Thermal Engineering Group at UTRC under
Contract N00014-80-C-0476, Modification P00002, from the Office of Naval Research,
Mechanics Division, Arlington, Virginia.
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RESULTS AND CONCLUSIONS

1. Flow distribution in marine gas turbine exhausts was found to be highly

irregular and nonuniform. This nonuniform flow will remain nonuniform
through a two-dimensional diffuser unless an effective means of flow dis-

tribution control is implemented. The method of using non-symmetric

diffusion angles alone will not improve either the flow distribution or

the diffuser efficiency.

2. The most detrimental consequence of flow maldistribution in marine gas

turbine exhaust is the increase in pressure loss, or decrease in output

power. Specifically, the diffuser efficiency will be lower and the thermal
performance of the downstream heat exchanger, if any, will be degraded.

Additionally, the flow maldistribution would also create thermal/mechanical

stress concentrations, local over-heat, and flow-induced vibration all of
which could significantly shorten the life expectancy of the heat exchanger.

3. For an unstalled or slightly stalled diffuser, the diffuser efficiencies based

on actual flow distribution data of a marine gas turbine exhaust were only
about half of the 75 percent efficiency obtainable by a diffuser with

uniform-flow.

4. Analyses of existing diffuser designs for gas turbine waste-heat recovery

system would indicate that many of these diffusers might have been over-sized

because most of the kinetic energy at inlet can be converted into pressure
in the first half of the diffuser length. Possible reduction in diffusers

length can be made through careful flow-modeling and control.

5. The nonuniform flow distribution of a typical marine gas turbine exhaust can
be made more uniform for waste-heat recovery applications by using a specially
designed diffuser which incorporates appropriate guide vanes and, if necessary,
additional flow injection methods. With properly designed flow-distribution

control, an improvement of approximately 20 to 36 percentage points in diffuser

efficiency can be expected.

6. The potential improvement in diffuser efficiency indicated above corresponds

to increased static pressure recovery of 0.8 to 1.4 inches of water, which
would allow a higher pressure loss for the heat exchanger design and reduce

the heat exchanger size and weight.

7. The boundary layer separation problem caused some difficulties in analyzing

the diffuser performance based on nonuniform velocity distribution data.

These difficulties disappeared when flow injection was considered for

velocity distribution control. The flow injection which uses the cooling
air from the casing of the gas turbine apparently suppressed or at least

delayed the flow separation in diffusers.

2
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INTRODUCTION

The successful implementation of open-cycle gas turbines (OCGT) as a

ship propulsion engine in the US and abroad has stimulated interest in

various means for further improvements in propulsion efficiency. The OCGT

propulsion system indeed has many unique advantages, such as being lightweight,

having a small volume, and responding quickly to power variations. However,

because of some basic design requirements, constraints, and/or inherent perform-

ance characteristics, the specific fuel consumption (sfc) of the current OCGT

propulsion systems have been equal to or greater than 0.42 lb/shp-hr (Refs. 1

and 2) which may still be too high for some advanced naval ship applications.

One of the inherent performance characteristics is that the sfc of an OCGT when
operated at partload increases almost inversely proportionally to the power

rating. This undesirably high part-load sfc is of major concern to the Navy,

because most naval ships are operated under part-load conditions (such as

cruise) for most of the time (Ref. 3). Therefore, many alternative propulsion

concepts have been proposed and investigated in the past (Refs. 1 to 6) to

improve the part-load performance. These include: a) an OCGT propulsion system
with cruise engines, b) a regenerative OCGT concept, c) a regenerative closed-cycle

gas turbine, and d) a combined gas and steam turbine. Each alternative propul-

sion concept has its own advantages and disadvantages. Final selection of the

most attractive candidate propulsion systems would depend on the results of

trade-off studies between system performance, cost characteristics and the

capability to meet specific integration and operational requirements. However

for all of these alternative concepts, the flow distribution of the gas turbine

exhaust and the effect of these flow characteristics on the waste-heat exchanger

performance is a consideration which must be properly assessed before evaluating
the potential of the alternatives.

The combined-cycle gas and steam turbine system (COGAS) has been widely

and successfully used in petrochemical, industrial, and utility fields. Studies

(Refs. 5 and 6) have also indicated that the COGAS is promising for marine

propulsion applications. However, the limitations on engine volume and weight

in marine applications are more stringent than for the land-based applica-

tions. In the land-based COGAS systems, a huge diffuser (as big as the entire

waste-heat boiler) has been used to diffuse or to regulate the highly turbulent,

nonuniformly-distributed gas turbine exhaust before the gas enters the waste-heat

recovery equipment. The design of this diffuser and waste-heat recovery equipment

has typically been based on the manufacturer's experience and judgement. Few

analytical studies have been performed to examine these flow-distribution

characteristics and hence to more effectively design the diffusers.

3
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A thorough knowledge of flow distribution problems and the necessity of
being able to quantitatively analyze problems involving flow distribution has

become increasingly important in modern fluid flow aid heat transfer systems.

Mechanical and chemical engineers are particularly concerned with the impact of
flow-distribution nonuniformity on thermal performance, component design and the
reliability of a flow system. In general, the incentives for flow-distribution

control studies include: (1) providing a better understanding of the flow
dynamics; (2) establishing guidelines for selecting the design concept and flow
system geometry; (3) predicting the actual (not just idealized) system performance;
and (4) defining the research and development for the flow system identified.

It is believed that the results of this study will provide not only some basic
understanding of flow-distribution problems found in many existing COGAS components,

but also specific guidelines in designing more reliable and efficient marine gas

turbine waste-recovery systems in the future (Ref. 7).

The study was structured into two phases. Phase I emphasizes the understanding
of the basic flow-distribution phenomena and its impact on two-dimensional
diffuser design and performance, and Phase II will focus on investigation of

heat transfer enhancement and pressure loss characteristics of waste-heat
boilers with several flow-distribution controls. This ceport documents the work
done for the Phase-I study and consists of five sections. In Section I, major
problems attributable to nonuniform flow distribution were reviewed and various
flow distribution control methods were evaluated. Section II presents the

actual flow distribution data acquired for various marine gas turbines. Formula-

tion of the two-dimensional turbulent flow model for diffusers was described in
Section III. Performance characteristics of 2-D diffusers, with and without

flow distribution controls, were presented in Sections IV and V respectively.

4
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SECTION I

CHARACTERIZATION OF NONUNIFORM FLOW PROBLEMS

In this section, the major technical problems which can be attributed to
nonuniform flow through heat exchangers or fluid flow systems were reviewed.

The most serious consequence of flow maldistribution would seem to be the
increase in pressure loss or pumping power. An equally serious consequence is

the creation of a "hot spot" in the heat exchanger if a high-temperature fluid
is involved. Other nonuniform flow problems reviewed are: deterioration in

heat transfer performance, thermal/mechanical stress concentration, tube
fouling and inlet-end erosion, and flow-induced vibration and noise, among

others. Various means to alleviate these undesirable nonuniform flow problems

were evaluated, and candidate flow distribution control methods and flow
geometries for two-dimensional diffusers were identified.

1.1 Flow Distribution Problems in Fluid Flow Systems

Flow distribution nonuniformity appears in almost every real flow system

for a variety of reasons. Table I.1 summarizes those principal mechanisms
which can exist either in one or multiple modes and cause maldistribution of

the fluid flow. These mechanisms are either related to flow properties (such

as viscosity or body force effects), or flow geometry (such as a sharp-edged

orifice, square-shouldered expansion or contraction, nozzle, diffuser, bend,
etc.), or a flow-control device (such as a baffle, blockage, flow injection or

extraction, local heating or cooling, etc.). Photographs of various flow

distribution patterns are seen in the literature of fluid mechanics and heat

transfer.

The most important and obvious consequence of flow maldistribution is on the
pressure loss. Excessive pressure loss means that the system will require more

pumping power or otherwise its mass flow rate will be lower than the design
value. The effects of viscosity on flow distribution nonuniformity for various

flow geometries have been discussed rather extensively in Schlichting's boundary

layer theory (Ref. 1.1). For instance, the flow distribution in a pipe can be

best described by the well-known Hagen-Poiseuille equation and the Prandtl

universal-velocity-distribution law for laminar and turbulent flow, respectively.

The effects of viscosity on pressure loss coefficients for this type of flow

have also been well documented in the Moody diagram as a function of Reynolds

number. This diagram has been widely used by engineers for predicting the

pressure loss characteristics of many flow systems.

6
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If the flow distribution across a heat transfer matrix is nonuniform,

this maldistribution would not only reduce the heat transfer performance but
would also create thermal/mechanical stress concentrations and local over-heat,

dryout or freezing problems (Refs. 1.2 to 1.8). The acute difficulties created

by hot spots in nuclear reactors and in coal-, oil-, and gas-fired boilers

are particularly striking examples of the consequences of flow maldistribution.
Thus, it can be seen that flow distribution problems vary widely, and are

peculiar to the particular case. Reference 1.9 has presented several typical

cases in great detail and the importance of the flow maldistribution problem,
and some possible approaches to evaluate these effects have also been proposed.

In addition to those typical cases given in Ref. 1.9, the tube fouling

and inlet-end erosion problems of marine heat exchangers and power plant
condenser waterboxes represent another type of flow-distribution problem. The

combined effect of flow rotation and excessive turbulence induced by pumps,

and poor inlet piping configurations or waterbox design can also result in

serious operating problems (Ref. 1.10). In his study, Richard has measured the
velocity distribution with and without turning vanes in a scale model of a

nuclear power plant condenser waterbox (Ref. 1.10). It was found that when the

turning vanes were properly designed and located in the waterbox, the flow
distribution over the entire waterbox was better and the flow turbulence was

reduced, thereby reducing the inlet-end tube erosion and extending the condenser

life.

It is known that the best flow pattern for a diffuser is one with a uniform

velocity distribution at the inlet. A uniform flow distribution in the diffuser

would provide the lowest rate of momentum outflow and thus yield maximum diffuser

efficiency. In their study, Wolf and Johnston (Ref. 1.12) used screens made

with unevenly distributed wires to generate a nonuniform flow velocity profile

at the diffuser inlet and found that diffusers with nonuniform inlet velocity

profiles exhibit a severe decrease in diffuser performance as compared to the

one with a uniform inlet-velocity profile. There are other undesirable conseauences
related to flow distribution nonuniformity such as flow-induced vibration,

flow-induced noise and inefficient combustion processes.

1.2 Flow Distribution Problems in Marine Gas Turbine Systems

Rectangular and circular exhaust elbows are used in marine and industrial

gas turbine engines. The exhaust elbow is a vital component used in connecting

the free turbine and the gas exhaust system which diverts the engine exhaust

gas to a safe area either for sound attenuation or for waste-heat recovery

before discharging it to atmosphere. The rectangular exhaust elbow is more



R81-955200-4

desirable for marine applications because it requires less space than the

circular exhaust elbow. However, this saving of space is achieved at the

expense of increased pressure loss because of the more abrupt turning of the

flow and increased wall friction in comparison with a circular elbow.

The combined effects of abrupt turning, wall friction, and the flow-jet

swirling from the free turbine often generate a highly turbulent and nonuniform

flow-distribution inside and at the exit of the exhaust elbow (collector box).
For gas turbines alone, this nonuniform flow has been a critical problem in

efforts to improve the gas turbine performance, particularly at high engine

power settings (Ref. 1.14). Experience shows that flow maldistribution
is always accompanied by undesirable high pressure loss, and that a one-percent
increase in pressure loss is approximately equivalent to a one-percent loss in

engine power.

For a combined gas and steam turbine (COGAS) system, the severe flow

distribution nonuniformity at the exit of the collector box not only affects

the diffuser design and performance but also can significantly impair the

waste-heat boiler performance and life expectancy (Refs. 1.14 to 1.16).
Despite these problems associated with the nonuniform flow distribution, the

COGAS system has been widely used with success in petrochemical, industrial,

and utility fields. The typical design approach has been to use a huge diffuser

(as big as the size of the waste-heat boiler, which is typically 15 to 20 ft

long) to diffuse or to regulate the highly turbulent, nonuniformly distributed

gas turbine exhaust before it enters the waste-heat recovery system.

Studies (Refs. 1.17 to 1.20) have also indicated that the COGAS system

is very promising for marine propulsion applications. However, the limitations

on engine volume and weight for marine applications are more stringent than

those for land-based application that a special-design diffuser within a very
restricted space would be needed to handle the nonuniform flow-distribution

of the gas discharged from the turbine exhaust elbow.

1.3 Evaluation of Flow-Distribution Control Methods

Numerous flow-distribution control methods have been used by various
designers in the past to achieve specific goals for a given flow system. Some

of the commonly used methods are summarized in Table 1.3. These methods can be

generally classified into two categories: one employs internal guiding or

disturbing mechanisms (such as flow guide vanes, louvers, baffles, screens,

wedges, buffer plates, or agitators), and the other uses external means of

control, such as changing the flow boundary through variation of flow area,
flow injection, flow suction, local heating, local cooling and shaking. It is

obvious that each method offers different degrees of control effectiveness,
performance suitability, and cost characteristics. However, the internal

control methods, in general, are more efficient than the external methods. The

selection of any particular flow distribution control method should, therefore,

depend on the characteristics of the flow system being investigated. Some

typical cases are discussed in the following paragraphs.

8
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The velocity distribution immediately downstream of a bend is always
irregular due to the flow separation and secondary flow inside of the bend.
(Fig. I.la). A typical case is seen in the design of wind tunnels. To improve

the flow distribution, one can employ turning vanes (Fig. 1.lb) or contoured
duct walls (Fig. I.lc) obtained from potential flow theory. Both methods have

not only improved the velocity distribution downstream of the bend, but also

reduced the pressure loss. If the bend with internal vanes is being used as a

diffuser, a better diffuser performance can be obtained with carefully designed

cascades of airfoils instead of circular arcs.

As indicated in Ref. 1.9, the velocity distribution through a heat-transfer

matrix may be affected by the manner in which fluid enters the inlet plenum
chambers. If a high-velocity fluid stream enters a plenum chamber axially
(Fig. I.2a), it is apparent that a high-velocity jet will shoot across the
plenum chamber and impinge on the center of the heat-transfer matrix, thus

the velocity through the center of the matrix will be higher than that through

the outer annular zone. Flow distribution control devices such as those shown
in Figs. 1.2b and I.2c can be used to reduce the jet effect before the flow is

discharged into the plenum. The central baffle design (Fig. I.2b) is simple
and effective and has been employed by Escher-Wyss, Ltd. in their design of

gas-to-gas recuperators. The apparent disadvantage of this arrangement is the

creation of a stagnation region in the center as well as eddies behind the two
outer edges of the baffle, with the consequent increase in pressure loss

and pumping power. The louvered design (Fig. I.2c) would result in a more
uniform flow distribution and lower flow holdup, and lower pressure loss at the

expense of complexity and higher cost.

If the fluid is brought into the plenum of the heat exchanger from the side,

significantly different effects may occur. The velocity distribution of this
configuration is depicted in Fig. I.3a. This undesirable flow maldistribution
can be avoided by re-designing the plenum chamber as shown in Figs. I.3b and
I.3c, where the flow guide vanes as well as a torus entrance are being used.
Because of the complexity and difficulty in design and installation of flow

guide vanes, this concept has not been widely used. However, the torus
entrance has been successfully used as the exchanger head in many air heater
designs (Ref. 1.21) and other flow systems.

According to Ref. 1.11, the best flow pattern for a diffuser would be the one

with a uniform velocity profile at the exit. In other words, the uniform velocity

at the diffuser exit implies the lowest exit velocity attainable for a given flow

rate and lowest rate of momentum outflow and thus maximum pressure rise. The use

of vane systems for very-wide-angle diffusers (Ref. 1.22) has become a common

practice in flow-distrubition control to achieve high performance for diffusers.

Even if the velocity distribution entering the diffuser is uniform, the flow will

separate from the wall of a very wide-angle diffuser because of the strong adverse

pressure gradient. When flow separation occurs, the diffuser efficiency drops

significantly (see Fig. IV.17). To avoid flow separation, vane systems are used.
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The design of a vane system normally depends on the specific flow conditions

and other design constraints and requirements. For marine-gas-turbine waste-heat
recovery applications, where the diffuser has to handle a highly-nonuniform

turbulent-flow turbine exhaust gas within a very restricted space, a vaned,
wide-angle diffuser would be more desirable. However, the design of such a

diffuser system is more complicated. Figure 1.4 shows that such a system might
have to incorporate non-symmetric diffuser angle and vane arrangements.

When the undesirable velocity distribution appears in a duct system (because
of a bend, change in flow area, viscous effects, etc.), a set of screens is often

used for obtaining a more uniformly distributed flow. The screens could be a
woven wire mesh, a lattice of crossed rods, or perforated plates. The effective-

ness of screens in flattening a highly-nonuniform velocity distribution depends
on many factors such as the flow-passage geometry in the vicinity of the screen,
the undisturbed velocity-distribution in the duct, and the flow-resistance
characteristics of the screen. For example, in order to cut the difference

between the peak velocity and the average velocity in half, the screen should
impose enough resistance so that the pressure drop across the screen is equal

to the dynamic head (based on averaged velocity) of the incident flow (Ref.
1.22). The increased pressure loss associated with the application of screens
as a flow distribution control method could become a critical problem in

certain flow systems.

The water/steam-side flow distribution in a marine boiler represents a special

category of flow distribution preblems. Inappropriate flow distribution would

have significant impact on boiler performance, availability and reliability
(Ref. 1.23). Because the amount of flow distributed to each tube of the
heat-transfer matrix is governed by the porous walls of the manifolds, this is

called "the manifold problem." Because only two important factors (inertia and
friction), determine the distribution of the flow in and from the manifolds,

flow distribution control methods are somewhat different from those discussed
earlier. A more uniform flow distribution can be obtained by one of the
following two methods: (1) keeping the cross-sectional area of the manifold

constant and varying the diameter of the discharge holes (or the width of a

continuous slot) along the manifold; (2) keeping the diameter of the discharge
holes (or the width of the continuous slot) constant and varying the cross-

sectional area of the manifold. Both methods have been adopted by many
engineers with great success. Detailed studies of manifold problems are
given in Refs. 1.23 to 1.25.

10
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TABLE I.1

ORIGINS OF NONUNIFORM FLOW DISTRIBUTION

* Viscous Effects

Body Force - Gravitational, Induced

Geometric Effects

- Sudden Expansion

- Sudden Contraction

- Bends

- Blockage

- Non-Symmetric Flow Passage

- Others

Flow Disturbances

- Inject ion

- Extraction

- Bypass

Localized Heating and Cooling

13
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TABLE 1.2

CONSEQUENCES OF FLOW MALDISTRIBUTION

1. Increased Pressure Loss - Higher Pumping Power or Loss of Flow Rate

2. Deterioration of Heat Exchanger Performance.

3. Thermal/Mechanical Stress Concentration - Cracks, Ruptures, or Buckling, etc.

4. Local Overheat, Dryout, or Freezing, etc.

5. Flow-Induced Vibration.

6. Flow-Induced Noise.

14
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TABLE 1.3

FLOW DISTRIBUTION CONTROL METHODS

1. Guide Vanes, Louvers, Baffles, or Screens.

2. Flow Wedges, Buffer Plates, or Agitator.

3. Variation of Flow Area.

4. Flow Injection, or Suction.

5. Local Heating, Cooling, or Shaking.

15



R81-955200-1 FIG. 1 1

TYPICAL DOWNSTREAM VELOCITY DISTRIBUTION IN RECTANGULAR 900 BENDS

a) WITHOUT FLOW DISTRIBUTION CONTROL

b) WITH LOUVERS

371!

c) WITH STREAMLINE DUCT WALL

10-11-56-1
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JET EFFECT AND TYPICAL FLOW DISTRIBUTION BUFFLES
FOR AXIAL-FLOW INLET IN HEAT EXCHANGERS

a)

b)

If

c)
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R81-955200-1 FIG 13
JET EFFECT AND TYPICAL FLOW DISTRIBUTION F.: IFFLES

FOR RADIAL-FLOW INLET IN HEAT EXCHANGERS

18
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SECTION II

ACQUISITION OF GAS TIRBTNE EXHAUST VELOCITY DATA

The objective of this task was to acquire and evaluate actual marine gas
turbine exhauist-velocitv profiles under full-load and part-load operations.

More than ten sets of flow distribution data have been acquired and evaluated.
Four representative sets were selected for the flow-distribution control study.
The thermodynamic conditions and physical properties of each candidate system

have also been identified. The results are discussed in this section.

11.1 Acquisition ot Turbine Exhaust Flow-Distribution Data

In an effort to acquire actual exhaust-velocity distribution data of marine
gas turbines, three approaches were undertaken simultaneously. They were: (1)

to request the Office of Naval Research (ONR) to supply test data from their
previous sponsored studies; (2) to review UTC in-house reports on various
marine gas turbine studies; and (3) to conduct a literature survey on other
marine gas turbine models manufactured by other gas turbine manufacturers, such

as General Electric Corporation, Westinghouse Electric Company, etc. The third

approach has not been very fruitful, and our best understanding is that
this kind of information is usually considered proprietary by most gas turbine
manufacturers. Therefore, very little data has been released to the public.

Another possible reason for the lack of such data is that the exhaust-gas-velocity
distributions of marine gas turbines have not been appreciably investigated
before. Therefore, the present study used the data provided by ONR and those

available from UTC in-house studies. The data provided by ONR are shown
in Figs. II. thru 11.3 which were obtained from Ref. 2.1. Figure 11.1 shows

the configuration of propulsion engine combustion air and exhaust ducting

system aboard DD963-Class destroyer and the locations where the flow distribution
data were taken. Figures 11.2 and 11.3 show the exhaust pressurc profiles for

gas turbine modules 2A and 2B respectively. Figures 11.2 and II.3 each contain
three sets of flow distribution data measured at the diffuser inlet (location
No. 8 of Fig. II.) for three different power levels. The pressures are

presented in terms of inches of water head which will be converted into pounds-
per-square-feet later in this report. The gas temperatures were identified to

be 837*F and 856°F, respectively for turbine module 2A and 2B under full-load

operation. The part-load temperature was found to be approximately 790*F for
both models. The dimensions of the diffuser inlet cross-section are approximately

5 ft by 7 ft.

In the area of in-house studies, the United Technologies Research Center (UTRC)

has conducted extensive studies in the mid-60's of exhaust elbows in a scale model
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of the UTC-FT4 marine gas turbine (Refs. 2.2 to 2.6). The objectives of these

studies were to measure the flow distribution and to investigate the pressure

loss characteristics in the exhaust elbows (i.e., collector box). Both circular
and rectangular elbows were studied. For each type of exhaust elbow, geometric

dimensions and shapes of inserts were varied to meet the study objectives. The

air flow rate was also varied over a wide range to simulate the design and

off-design conditions of actual engine operation. Figures 11.4 and 11.5 are

two typical velocity-distribution maps for a rectangular exhaust elbow operated

at two different flow rates, and Figs. 11.6 and 11.7 present similar data for a

circular exhaust elbow. Both rectangular and circular geometries are of

potential interest in naval applications.

11.2 Evaluation of Flow Distribution Data

The results presented in Figs. 11.2 thru 11.7 show a unique phenomena: the

flow distributions at the exit of the exhaust elbow are highly irregular and

nonuniform. The results also show that the majority of the flow was concentrated

at the rear end of the elbow and that reversed flow wab observed in the regions

near the front end. No two similar velocity-distribution maps were found.

Results presented in Refs. 2.2 thru 2.5 indicate that each flow nonuniformity
in the exhaust elbow resulted in a different pressure loss.

Figures 11.2 and 11.3 show the total (stagnation) pressure and static pressure

profiles along the center line of diffuser inlet cross section (or at station

No. 8 of Fig. 11.1) for DD963-Class prototype gas turbine models 2A and 2B. The
three-dimensional flow distribution data were not available. Because the flow

model to be developed in this study is two-dimensional, the two-dimensional flow

distribution data acquired would satisfy the study objectives.

Because the prior study with the UTC-FT4 marine gas turbine models was

conducted using a scale-model of a real engine, many important flow parameters

needed for the present study were not documented. Re-examination of the

laboratory test data became necessary in order to estimate the actual flow

conditions expected of the full-scale engine.

The flow distribution data in Refs 2.2 through 2.5 was presented in terms

of a velocity parameter, which was defined as (Pt-Ps)/Pt, where Pt and Ps

represent the total and static pressures, respectively. The velocity parameter

can easily be converted into velocity or mass flux using the isentropic

relations and the principle of similarity (which includes Mach number similarity,
Reynolds number similarity, and geometric similarity). Based on the descriptions
of the test model, the static pressure was assumed to be uniformly distributed

over the elbow-exit cross-section. The calculated velocity maps for the

UTC-FT4 engine are shown in Figs. 11.4 through 11.7. In addition to those

flow-distribution data, the exhaust gas flow rate and the gas temperature as a

function of output-power rating were also obtained and are shown in Figs. 11.8

and 11.9. This information has also been incorporated into the data reduction.
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The UTRC studies have prepared ti ,.-dii'wn.s ioal fIow distribution maps at

the exit of the exhaust elbow. Hlow.\er f I o re:zont studv needs only two-dimen-

sional flow distributioi data. !'wecause .. n rssre probes (marked as "+" in
Figs. 11.4 through 11.7) wore located r0 '1ver ' oal flow areas of the exhaust

elbow, geometrically averaged values of t! , tre rm , ;ure-r.fke measurements

can be used as representative flow distribi!, ion d-it , f,r the present study.

11.3 Selection of Bas,! :, li : tisor (', , itiration

The selection of a baseline diffit,nt c xi.,nration depends on the geometric

configuration of the engine exhaust elbow, rtl. type. of waste-heat boiler, and

the space available for installation of tin, 'at--lt. recoverv systems. Three

possible diffuser configurations were cooniltered. Their relative merits and

potential applications are discussed in th' tol 1owi z,, paragraphs.

Figure II.10 shows two possible diftin-or confioiiritions for integration with

a circular engine exhaust elbow. Confiporat ion 7. is a conical diffuser

which employs several concentric annular vans to control the flow distribution

such that the flow would be distributed more uniformlv over the first module of

the heat transfer elements in the waste-heat boiler. 'Iis type of diffuser is

commonly used for ceiling outlets in ventii-.t i, s,-stems. It has the advantage

of shortened diffuser length and provide(s relatively yen distribution of air

flow into a room. The only problem with the conical diffusers is that their

passage length-to-diameter ratio is usua.lly too small for good pressure recovery.

Configuration 7b employs the conical diffuser concept and properly distributes

the conical louvers along the center line. This configuration has been used in

the current DD-963 class waste-heat-boiler design (Fig. 11.11 and Refs. 2.7

through 2.9). Because the heat transfer element will coil around the radially-

discharged cylindrical diffuser, this tvpe of diff,,ser could significantly

shorten the overall length of the waste hea't ooiler. llowever, the coil geometry

also introduces some inconveniences in designing the modular heat-transfer

element. Furthermore, if the out-funnel or discharpe-duct of the waste-heat

boiler is not properly designed, the flow distribotion could be unexpectedly

distorted as discussed in Ref. 2.9.

Although the waste-heat recovery system in the existing DD-963 Class destroyer

(USS Spruance) was designed for integrat ion with the circular exhaust elbow

of its service engine, current Navy interest in the waste-heat recovery system

seems to be on the main propulsion engine (Ref. 2.10). If the flow distribution

control model to be developed in this study is based on rectangular elbows, it

should have more direct application for the Navv because most of the marine

propulsion gas turbines also have rectangular ,xhiaist elbows. It is also
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known that the rectangular dif,7user has some advantages of being simple and

effective. Results for two-dimensional rectangular diffusers operating with

uniform flow conditions are also available which can be used as reference to

the present study. Therefore two-dime, lonal rectangular-cross-section diffusers

were selected as the baseline configuration for this study.

Figure 11.12 shows the potential layout oC the -ombined-cycle gas and

steam turbine system for a marine propulsion system which employs a rectangular

diffuser. A more detailed illustration of the diffuser and boiler sections is

given in Fig. 11.13. Figure 11.14 shows two existing marine-boiler/steam-generator

types designed by Babcock and Wilcox and used to power the Libert, and Victory

Ships, respectively. By removing their combustion chambers, these two boiler/steam-

generators could offer potential for gas turbine waste-heat recovery applications

if their geometric size and thermal capacity satisfy the performance renuirements.

This potential application will be investigated in the next phase of this study.

11.4 Identification of Flow Conditions and Properties

Based on the above discussions, Figure 11.3, 11.4, and 11.5 were also selected

as representative flow-distribution data for this study. The numerical values

of the flow-distribution data for each probe location are tabulated in Table
II.1 and the averaged flow conditions and flow properties are summarized in

Table 11.2. Item A of Table 1I.1 consists of two sets of data (designated as

DATA-I and DATA-2) representing the exhaust gas pressure-distribution data of

the DD-963 class destroyer prototype marine gas turbine Module 2B under full-load

and part-load operation, respectively. Item B, which also consists of two sets
of data (designated as DATA-3 and DATA-4), shows the corresponding information

for a typical UTC-FT4 engine.

In each data set, the first column gives the location of the pressure probes

where the values were normalized by the diffuser width. Columns 2, 3, and 4
are values of total (stagnation) pressure, static pressure, and total temperature,

respectively.

Table 11.2 shows the averaged flow conditions and flow properties for the

four candidate sets of flow distribution data. It should be noted that the
total pressure and static pressure are the geometrically-averaged values which

were obtained by dividing the sum of pressure values from each pressure probe

by the number of pressure probes. The static temperatures were obtained from

performance data of each gas turbine model. Based on the averaged pressures

and temperatures, the flow density, molecular viscosity, specific heat at

constant pressure and constant volume were calculated. Finally the Mach

number, Prandtl number, and Reynolds number were computed. All these data will

be used as references to normalize the flow parameters in the working model.

23

4



R81-955200-4

REFERENCES

2.1 Final Report - DD963 Class Destroyer Propulsion Subsystem

Prototype Test at NAVSSES/PHILADIV(1J), March 1976.

2.2 Jensen, R.: Scale Model Tests of FT4A Rectangular Exhaust

Elbow, UARL Report UAR-DI34, September 1965.

2.3 Basham, W. M.: TF4A Rectangular Exhaust Elbow Investigation,
UARC Report UAR-F9, Jan. 1967.

2.4 Bashan, W. M.: FT4 Circular Exhaust Elbow Investigation,

UARC Report F232520-1, Dec. 1967.

2.5 Colombo, R. M.: FT4 Rectangular Exhaust Duct Investigation

UARC Report H233877-1, May 1969.

2.6 Brown, P.: An Experimental Investigation of Exhaust Duct

Configurations for the FT4 Twin-Pac Installation, UARC

Report L830116-1, May 1972.

2.7 Katz, Y and Boven J. L.: Design Considerations for Heating Recovery

System for DD-963 Class Ship, ASME Paper 77-GT-106, 1977.

2.8 Katz, Y.: Design Considerations for Future Heat Recovery Boilers

Aboard Naval Vessels, ASME Paper 78-GT-162, 1978.

2.9 Graf, T. E. and J. E. Nagengast: DD-963 Class Waste Heat Recovery

System Experience, ASME Paper 79-GT-159, 1979.

2.10 Muench, R. K. et. al.: A Study of Waste-Heat-Boiler Size and Performance

of a Conceptual Marine COGAS System. David W. Taylor Naval Ship Research

and Development Center, DTNSRDC TM-27-80-19, Feb. 1980.

24



R81-955200-4

TABLE 11.1

ACTUAL FLOW DISTRIBUTION DATA

A. DD963 Class Destroyer Prototype Gas Turbine Module B

Probe DATA - I DATA - 2

Location 20,500 Shp, Ns 137 10200 Shp, N r=112

Y/W Pt Ps T Pt Ps T
_____ (psf) (psf) (R) (psf) (psf) (R)

0.045 2149.06 2144.89 1316 2136.57 2133.97 1250

0.136 2148.54 2143.85 1316 2136.05 2132.93 1250

0.227 2146.98 2142.81 1316 2135.01 2132.41 1250

0.318 2145.94 2142.29 1316 2131.37 2131.37 1250

0.409 2144.30 2140.21 1316 2130.33 2130.33 1250

0.500 2144.89 2137.61 1316 2133.97 2129.29 1250

0.591 2154.78 2140.73 1316 2142.81 2131.37 1250

0.682 2187.04 2152.70 1316 2158.42 2138.65 1250

0.773 12195.88 2139.17 1316 2162.58 2137.61 1250
0.864 2195.36 2142.81 1316 2144.37 2138.13 1250

0.955 2139.69 2132.93 1316 2134.49 2127.20 1250

B. UTC-FT4 Marine Gas Turbine

Probe DATA -3 DATA - 4

Location 15,000 Sbp5,0Sh

Y/Wr P' " Tt P PT
r t s t tS

_____(Psf) (psf) (R) (psf) (psf) (R)

0.05 2129.41 2121.12 1345 2233.82 2229.12 1077

0.15 2129.41 2121.12 1345 2233.92 2229.12 1077

0.25 2129.78 2121.12 1345 2234.40 2229.12 1077

0.35 2135.13 2121 .12 1345 2237.76 2229.12 1077
0.45 2144.92 2121.12 1345 2239.68 2229.12 1077

0.55 2159.52 2121 .12 1345 2241 .12 2229.12 1077
0.65 2180.16 2121.12 1345 2250.72 2229.12 1077

0.75 2196.48 2121.12 1345 2275.90 2229.12 1077

0.85 2211.36 2121.12 1345 2260.32 2229.12 1077

0.95 2211 .36 2121 .12 1345 2261.28 2229.12 1077
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TABLE 11.2

AVERAGED FLOW CONDITIINS AND FLOW PROPERTIES

DD963 Class Prototype UTC-FT4 Marine

Parameters Gas Turbine Module 2B Gas Turbine

or

Properties Units Design Off-Design Design Off-Design

Power Rating Shp 20,500 10,200 27,500 9,000

Total Press. lb/ft2  2163.94 2140.52 2195 2179

Static Press. lb/ft2  2141.77 2133.03 2169 2169

Total Temp. OR 1316 1250 1345 1075

Density #/ft 3  .0305 .0320 .0320 .0378

Viscosity lb/ft-hr .0827 .0801 .0838 .0726

Sp. Heat, cp Btu/#-R .259 .256 .2587 .2501

Sp. Heat, Cv Btu/#-R .185 .183 .1843 .1786

Mach No. - .0843 .515 .131 .081

Prandtl No. .691 .688 .693 .686

Reynold No. .115xI0 7  .075x107  .169xi0 7  .134xi0 7
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R81 -955200-4 FIG. Ill1

DD963-CLASS DESTROYER PROPULSION ENGINE COMBUSTION
AIR AND EXHAUST DUCTING SYSTEM

*PROVIDED BY Th E OFFICE OF NAVAL RESEARCH FROM REF 2 1
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R81-955200-4 FIG. 11.2

EXHAUST PRESSURE MAP OF GAS TURBINE MODULE 2A
' PROVIDED BY THE OFFICE OF NAVAL RESEARCH FROM REF 21
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EXHAUST PRESSURE MAP OF GAS TURBINE MODULE 28
*PROVIDED BY THE OFFICE OF NAVAL RESEARCH FROM REF 2 1
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TYPICAL VELOCITY PROFILES AT THE EXIT OF GAS TURBINE
" RECTANGULAR ELBOW - DESIGN CONDITION
" VELOCITY IN ft/sec

" + INDICATES PROBE LOCATION
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TYPICAL VELOCITY PROFILES AT THE EXIT OF GAS TURBINE
o RECTANGULAR ELBOW - OFF DESIGN CONDITION

a VELOCITY IN It/sec
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P81-955220-4 FIG 11.6

TYPICAL VELOCITY PROFILES AT THE EXIT OF GAS TURBINE CIRCULAR
EXHAUST ELBOW - WITH TURNING VANES

+ INDICATES PROBE LOCATION
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TYPICAL VELOCITY PROFILES AT THE EXIT OF GAS TURBINE CIRCULAR

EXHAUST ELBOW - NO TURING VANES
+ INDICATES PROBE LOCATION

R INDICATES REVERSE FLOW
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R81 -955200-4 FIG [18

ESTIMATED GAS FLOW vs POWER OUTPUT FOR
TYPICAL UTC-FT4 MARINE GAS TURBINE

BASED ON 4 in H 2 0 INLET AND 10 in H2 0 EXHAUST DUCT PRESSURE LOSSES
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R81-955200-4 FIG ii 9

ESTIMATED GAS TURBINE EXHAUST TEMPERATURE AT THE ELBOW EXIT
J FOR TYPICAL UTC.FT4 MARINE GAS TURBINE

BASED ON 4 in H2 0 INLET & 10 in H2 0 EXHAUST DUCT PRESSURE LOSSES
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R81-955200-4 FIG II 11

CURRENT DESIGN CONFIGURATION OF GAS TURBINE
WASTE HEAT RECOVERY SYSTEM

DD963 DESTROYER

AIR DIVERTING VANES

COIL ASSEMBLY

EXHAUST GAS

CONDENSER

3O-7l-66-6

37



R81-955200-4 FIG. 11 12

POTENTIAL LAYOUT OF COMBINED-CYCLE GAS TURBINES MARINE PROPULSION SYSTEM
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r R8-955200-4 TWO-DIMENSIONAL RECTANGULAR DIFFUSER FOR MARINE FG 11
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SECTION III

FORMULATION OF TWO-DIMENSIONAL TURBULENT

FLOW MODEL FOR DIFFUSERS

The unstalled or slightly stalled flow processes in two-dimensional

diffusers can be represented by a set of non-linear partial differential

equations derived from conservation of mass, momentum, and energy and the
equation of state. The procedures of manipulating these partial differential

iations into an analytical model for analyzing the flow distribution charac-

tListics and diffuser performance of two-dimensional diffusers are presented

in this section. The flow-distribution characteristics to be investigated are
the velocity, the mass flux, the pressure and the temperature. The diffuser
performance characteristics are presented in terms of the pressure recovery co-

efficient, which is defined as the ratio of the static-pressure rise to the inlet

dynamic-head. The study was conducted for the nonuniform inlet flow conditions

and the diffuser geometries identified in Section II.

The procedure of formulating a working model for studying flow distribution

characteristics in two-dimensional diffusers consisted of three steps:

(1) constructing an orthogonal curvilinear coordinate

system for two-dimensional diffusers;

(2) formulating a two-dimensional turbulent flow model
based on orthogonal curvilinear coordinate systems;

(3) manipulating the analytical model to obtain a set of

equations that can be solved numerically by computer.

The results of this study can be plotted using either Tektronix Interactive Terminals
for quick evaluation or a CALCOMP plotter for final documentation.

I11.1 Streamline Orthogonal Curvilinear Coordinate System

Before a useful working model was developed, an appropriate coordinate system

was chosen. It was known that the choice of coordinate system has significant

importance in the calculation procedure of solving the non-linear partial
differential equations for the fluid system. As mentioned earlier, the diffuser

geometry for this study is arbitrary. It could be straight-wall or curved-wall
annular diffusers or diffusers with a rectangular cross-section. The working

model which could provide this flexibility must be based on a streamline

orthogonal curvilinear coordinate system. The other advantages of using

streamline coordinates can also be seen in Patankar and Spalding's book (Ref.

3.1).
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There are many ways of constructing a streamline coordinate for given

flow system configurations. The one used in this study was developed by

Anderson (Ref. 3.2). This approach not only preserved the nature of the
boundary value problem but also provided accurate, efficient, and stable

numerical computations for flows at moderate to high Reynolds number in curved

or straight-wall diffusers. The model has been extensively used for many

in-house research projects as well as outside contract studies (Refs. 3.3 and

3.4).

However, it should be mentioned that the original program was developed for

analyzing axisyzmetric diffusers only. During the current study, an additional
option for analyzing rectangular-cross section diffusers was added to the

program. Because the program has been described in detail in Ref. 3.2,

only a brief discussion is given below.

The coordinate system used in this study is expressed by "s" and "n" which

stand for the velocity potential in the streamwise direction and the stream

function in the normal direction, respectively. These (s, n) coordinates are
related to the physical coordinate (x, y, see Fig. III.I) through LaPlace's

transformation as:

a2n a2n
+ 2= 0()

ax2  ay2

2 2
s a 0 (2)

2 2
ax ay

The boundary conditions for Equations (1) and (2) are: I) n 0 and I along

the two divergent walls; 2) the normal pressure gradient at the inlet and exit

of the diffuser is equal to zero.

The metric scale coefficient is the same in both directions and is equal

to the inverse of the magnitude of the potential flow velocity, V, which is

defined as:

L h 2 3n Yn +potenta2 als 2as v by(

Lengths along the streamlines and potential lines are given by:
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ds = V dx (4)

dn = V dy (5)

and the radii of curvature of streamlines and potential lines are given by:

I as
R I - -
s 2 3V (6)V

I anR = - (7)
n 2 aVV

In this coordinate system, (n, s) are independent variables and (x, y) are
dependent variables. Solution of the inverse problem (x(n,s), y(n, s)) can be

obtained by conformal mapping using the Schwartz-Christoffel transformation
(Ref. 3.5). If a curved-wall duct is approximately represented by straight
line segments in the W-plane to form a many-sided polygon, the Schwartz-Christoffel

transformation may be used to transform the interior of this polygon into the

upper half of the C- plane (Fig. 11.2). Then a point source at the origin of
the C- plane transforms into the potential flow through the duct in the W-plane.

The only approximation used in this approach involves the segmentation of the
geometry, which would occur in any finite-difference solutions of Eqns (1) and

(2).

111.2 Governing Equations for Two-Dimensional Diffusers

The equations of motion for a steady-state compressible flow in the (s, n)
coordinates can be obtained by replacing the metric scalar coefficients hl,h 2 ,
h3 by l/V, I/V, w from general orthogonal curvilinear coordinates and by

making use of Eas. (6) and (7). The resulting equations become:

Continuity Equation

Ss (Vs)a ( (8)

s-Momentum Equation

2

P [ V2 (us) + u V (u) n s]

V a  +u[2 a wa wa w os (w Vss ssn nn ()

w as w V an R R
s n
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n-Momentum Equation

2

s n s[Us V-s (u)+ uv- Ru)+ u U

n S

(w)+xn .w+asr )+wa n )+R W (10)

Energy Equation

V2[\1(,q ,wq ] +1' )

IusV - (CPT) + u V~ (CPT)] wa. + ) _Lasn an w as ( i

Equation of State

1' = PIRT (12)

where the stress tensor, a's strain tensors e's, heat flux q's, and dissipation
function o are defined as

_ [ ,(ru )+a_(rU1

al.V 2 rars arn ~ ~ (

a = 2pe; - U U + Vss -s r as vvan
a' = 21je - u'uI + V2  ru + -L n (3

nn nn n r as V/an

o =0 = 2pe - pu'u'

ns sn ns s n

e us + UnV2

55 as Rs

V un V
2

nn an Rn  (14)

e =e = - L u
ns sn 2 as ( n n (u
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qs 
= KV @T

q = KV--
n 3n

= 2. (e 2 + e + 2e 2 + 2( 'u'u; e + Pu'u' e + 2pu'u' e )
ss nn sn ss n n nn s s sn

+ X + enn16)

Equations (8) to (12) form a set of governing equations which may be used to
solve for five unknowns, p, Us, Un, IP, and T which stand for density,

velocity components along the s- and n-coordinates, static pressure and tempera-

ture, respectively. Mathematically, this set of equations is classified as
elliptic and can be solved if all the boundary conditions at the inlet, the

exit and the walls of diffusers are provided. However, the computation procedure
would require extremely large data storage and computational time. A set of

simplified governing ecuations was then obtained by parabolizing Eqs. (8) to
(12) to facilitate the numerical computations.

The parabolization process was accomplished by employing the so-called
thin-channel assumption. This is a well-justified assumption particularly when
the streamline coordinate system is used. The thin-channel assumption implies
that the velocity component un is much smaller than us . It also implies

that the normal components of shear stress and strain tensors a , a

ess, enn are negligibly small as compared with the others. This assumption
should reduce the original Navier-Stokes equations (8) to (12) to a set of
parabolic equations which can be solved by a numerical forward-marching method.

The parabolized governing equations are then written in non-dimensional form

as:

-(Un 0 ( 7)

V 3N 0(17)
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a (U)U V _US a + 7T
ar as Y~r 2 SV- I Weff 2(Vs]

Y _ _ I vie f a'e f f ( V .
W 3N aN Rs NR yr 3N (18)

1 an PUs2  0

YMr 2  N VR (19)

ao v ap ao
PUs as w as DN

V a R  )(eff\a + (y-)Mr 2  eff (20)
3N [iN \V)\r 3N] N [N (

- PRe = 0 (21)

where

S - S/Wr, N -n/Wr, W = W/Wr,

P - P/Pr, Us = Us/Ur, = Un/Ur(
(22)

1 */Pr r, e - T/Tr, NPT = ieff cp/k

NR = PrUr wr/Mr, Mr2 PrUr2 /Pr = Ur2/yRT

and the stream function, which satisfies the continuity equation, was defined as:
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_ PRUnn
as V

__ PRUs

aN - V (23)

In Eq. (22), the reference quantities (with subscript r) of all thermodynamic

quantities are based on standard sea-level atmosphere conditions (at a pressure
of 2117 lbf/ft2 and a temperature of 540°R), wr and ur represent the
diffuser inlet width and mean inlet velocity, respectively. The effective

turbulent viscosity, Peff' was defined as:

ueff = (n - uu(24)

which will be determined in the next section when the turbulence model is selected.

The boundary conditions for Eqs. (17) through (21) are given as:

U = Un = 0, T = Tw at N = 0 and N = 1

Us, P, T as function of N are specified at S = 0 (25)

Before Eqns. (17) through (21) are put into finite-difference form, two important facts
about this parabolization process should be mentioned. The first one concerns

the feasibility of the parabolized Navier-Stokes Equations. As indicated in
Ref. 3.2, the parabolization process did not actually change the original
elliptic nature of the flow system because of the choice of streamline coordin-
ates. These streamline coordinates were actually obtained by solving the
elliptic Eqns (1) and (2) based on potential flow theory. Secondly, the
parabolized governing equations imposed certain restrictions if it is desired

to set the downstream static pressure conditions. Because the objective of the
parabolization process was to manipulate the governing equations such that they
can be solved by forward-marching methods, therefore not all initial conditions

can satisfy the pre-specified downstream conditions. A practical procedure to
solve this problem is to fix the inlet stagnation pressure and temperature and
vary the inlet static pressure until downstream static pressure conditions are

satisfied. The purpose of this procedure is to let the downstream static

pressure set the mass flow rate.
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111.3 Turbulent Flow Model

In order to solve Eqs. (17) through (21), the effective viscosity, Peff'
must first be determined. If the flow is laminar, Ueff becomes the same as

laminar viscosity which can then be calculated easily. For turbulent flow,

precise knowledge regarding Peff is not available, so a well-justified
semi-empirical model is to be chosen for this study.

More than a dozen turbulence models have been proposed so far (Ref. 3.6),

and what constitutes the "best" model of turbulence will differ according to
the problem under consideration. The turbulent flow model used in the present

study is the same as that used by Smith (Ref. 3.7) who assumed that the inner

layer region of the turbulent flow is governed by Prandtl's mixing length
theory with a Van Driest damping factor and that the outer-layer region is
governed by an eddy model proposed by Clauser (Ref. 3.8). Based on this

assumption, the effective viscosity for the inner and outer region of the flow
fields are given respectively as:

2 du
P eff = 1 + 0.16 ,yt i exp (-tVT-/26) dy (26)

Peff .008 p N P w (u -u) (27)
eff R

where U represents the molecular viscosity and ut, yt are defined as

Y n v"rP/P (28)

T I /,
t w

The suLbscript . and w represent the maximum and wall values at a given

streamline station. u represents the averaged velocity across the diffuser

width, w. NR stands for Reynolds number which is calculated based on averaged

flow properties. The empirical constants, 0.16, 26 and 0.008 which appear in

Eqs. (26) and (27) are the values suggested in Ref. 3.2.
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In the region near the wall, the independent variables and their deriva-
tives change rapidly and numerical solution is difficult without using a
large number of closely spaced mesh points. This is done by using an exponential
transformation (also called Robert's Transformation) given by:

(C+0.5) exp (2n-1) Zn C+0.5 - (C-0.5)
n = (29)

1 + expl(2nl) kn (C+0.5)n C-0.5

where n = nk/k,, k = 1, 2, 3... k£ represents the number of points to be placed
across the diffuser height. The parameter C is chosen so as to place the first
mesh point at approximately yt = 1.

111.4 Method of Solution

Equations (17) through (21) were solved by the explicit numerical method as
described in Refs. 3.9 and 3.10. This method has been used with success in
many previous studies (Ref. 3.9 to 3.11). With this method, the solution
for the dependent variables (P, *, Us, fr, *) and their normal derivatives are

presumed known from previous calculations for input data up to station S.
Using the forward-marching numerical method, the solutions of the equations for
the next station are obtained and the process is continued until it reaches the
exit of the diffuser, or until flow separation or reverse-flow conditions occur.

Mach-Number Transformation

To solve Eqs. (17) through (21) numerically, experience indicated that, at

low Mach number, a small variation of pressure and temperature within the
diffuser could lead to large errors in the results if the actual pressure (7) and

temperature ( ) were used. Therefore, new dependent variables for pressure and
temperature (i, $) were introduced using the so-called Mach number

transformation defined as follows:

- 2%
i=r+yM i

r
(30)

e e + (y-1) Mr
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where w and are the mean pressure and temperature at the diffuser inlet.

After substitution of Eqs. (29), (30), and (23) and after some rearrangements, Eqs.

(17) through (21) become:

3i _ PWUS 0 (31)

3N V

W a -_2 - + L s = 0 (32)
3N Rs  V 3S aN 3S aS 3N

^ P U
2

at s = 0 (33)
aN V Rs

!Q - -- + E + (V US) 0 (34)

aN aN aS 3S 3N aN

= PR (35)

where

W eff 1 (V Us)Z : (36)
V r  NR N

Q W eff 1 38 (37)

V r NRNPT aN

Finite Difference Equations

Equations (31) through (37) are further reduced to finite-difference form

so that they can be solved by computer. The finite-differencing process is

essentially a linearization process which can be accomplished by making use of

the Taylor series expansion formula and the backward difference approximation. As

suggested by Briley and McDonald (Refs. 3.9 and 3.10), we first introduce the

following notation and product rules:
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A- ASi - Si - S-

A~N - ANk -Nk - Nk..1

j- . (Si - Si-i)

Nk. - -1 (Nk - Nk-1)
2

FJ- 1 (FJ + J-)(38)

Fk-12 - Fk + Fk-1)

i i-1

k 6Si

i i

aN k ANk

(FG)3  FJ GiJ-l + Fi-I G3  (FG)ji1

(FG)~ -f (FJGJ 1l + FJ- 1 (;J)

(FGH)J Fi-1 Gi'1 Hi + FJ G- 1 Hi-i + FP 1' Gi 10- 1 - 201 GJ i (39)

GJ ~ GijCl
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where j represents the streamwise mesh-point number which varies from 2 to j

and k represents the transverse mesh point which varies from 2 to k . F,

which is a function of (S, N), stands for independent variables *, Us, etc.

The product rules presented in Eq. (39) were obtained by Taylor series expansion

and three-point, second-order finite approximation.

With Eqs. (38) and (39) in hand, we can reduce the governing equations

(31) through (37) into finite-difference form. After replacing Us by U for

easy typing, and rearranging the explicit terms such that the unknown quantities

are kept on the left-hand side of the equation and the known quantities are

moved to the right-hand side, the governing equations become:

j' j-1

- k- k i0)

k- A k-/ k-it k/ i
k- 1 EN 2 RP)k12 (40)

k-1- k-

A1 ~~k) 11  k -- A 2(s k,I -S() k12(

_ 1 (q~i- - 1~~') (Uj + U1~ I- ( j - ui+

= I (R S) k-1/21 k I s)R5  k-1/21 'k- 1 SVki2 k +ki

K. - -I~ (U~J- + Ui-) + U- ( U -1 J -1 + JI(41)
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R81-955200-4-"J - (j + iii ( 1 -
IT' k Tj- AN /i i -1 2(pu\j 1 u 1)ui + (UU') J-1/ (pi pij-l
1! - - (< ) _2k /, 2 k k- k-1 (k -i-l

=-2AN ( ) T-12 J2) J-1 (42)
Vs k-1/2 k-1/2

Q -i Q i (j - j - I )(8e i + i ) (1 - -l ) ( +

k-1 AS kk-) \ k k-1 k k- k/

+-1 (43)
k-1/2 I \ J -0k- (
J-1ZiRI i -i +4- J- 1  J - - 1 P ej-1 (44)j

k k-1 AS k k- k k-

Qk rQk- k kNV Rp k -/ O k -

i-il

Xki ~k 12[vu)- (VU) 11 0 (45)

2 fI.J LW eff 1i~ e 01= (46)
r Rk- -N[VNRPT Jk1 2  ej kej1
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The boundary conditions of Eqs (23) and (29) can also be written in finite-difference

form as

J 0 , = 2 r / r )~

(47)

-2

04 4 Uk= e ,~)/('Y-) Mr

Note that Eq. (44) involves only kth mesh point, but this equation can also be used
to represent the boundary conditions if the subscripts of k are replaced by 1, and k
The resulting boundary condition equations become:

(x R j-1 -( R ) e- =--- R (P _)j1
I- Q1 )1a1 

(48)

Tt ". Pj - (7-'R Pi)61 % -- R (P0)48

Matrix Equations

Now Eqs. (40) through (46) contain seven unknowns. If we let them be expressed

by a column matrix as:

k k~ k / k k (49)
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Then the finite-difference equations in matrix form become:

-j1 PF i -1 - j j (50)

k k k k- k

where Gj -I and Ht-I are 7x7 matrices representing the coefficients of the
dependent variables and IK-I is also a 7x7 matrix representing the known
quantities either from the initial condition (Eq. 23) or from results of previous
calculations. The boundary conditions, Eqs. (47) and (48) are 4x7 matrices and
are expressed as

= =(51)

Bk Fk2 Ck2

Combining Eqs. (50) and (51), we have a complete set of matrix equations as:

AF - Q(52)

0 0 0

0 - 1 ; 1  0
0 -k2 Z2 o0

0 -Hz 0 o (53)

0 0 _;k ;

0 0 ;kk
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C1 1, k, Ck)(54)

Equation (52) can be solved efficiently using a standard block-elimination

method such as the matrix factorization method discussed by Isaacson and

Keller (Ref. 3.12), and Varah (Ref. 3.13).

Pressure-Recovery Coefficient

Following the standard definition of the pressure-recovery coefficient, we

have:

P-PrCp -d/2 (5

If the fluid flows through the diffuser were incompressible, inviscid, and of

uniform distribution, then Eq. (55), with the application of continuity and

Bernoulli's equations, can be reduced to the following form:

- (56)

where A and Ar represent the local and inlet area of the diffuser, respectively,

and the subscript, i, indicates that Cp is calculated based on a one-dimensional,
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ideal-flow assumption. In reality, because of the effects of friction and the

flow blockage appearing in the boundary layer, the velocity distribution is

rarely uniform. The calculated Cp will never be the same as (Cp) i .

Wall Stress Calculation

If the boundary layer displacement thickness at the diffuser inlet were

given, the values of shear stress along the two divergent walls can be computed

with the two-dimensional flow model discussed in Sections 111.2, 111.3, and
111.4. The drag force along these two walls can then be determined by summing

up the calculated shear stress.

However, the shear stress along the two parallel walls is not available
because of the assumed two-dimensional flow model. In order to include

the shear stress on the two parallel walls of the flow field, a simplified

correction procedure was established based on the following two assumptions:
I) the growth of the boundary layer thickness along the two parallel walls is
much smaller than that along the two divergent walls; and 2) the local drag

coefficient along the two parallel walls can be represented by the 1/7-th-power
velocity-distribution law. With these two assumptions, Eqs. (21.6) and (21.2)

of Ref. 3.14 can be used for calculating the boundary layer displacement

thickness and local drag force for the two parallel walls. When written in

finite-difference form, they become:

( )5/4 4i-I  1/4 4/5

6&" = I (6J-1) + .289 (As) ( J- , -l) 1 (57)

kk

k -7 2 kI

The pressure and velocity distribution profiles obtained from matrix equation,

(Eq. 52), are then corrected locally using Eqs. (57) and (58). The diffuser

performance characteristics were calculated by mass-flow-weighted integration
methods.

111.5 Flow Distribution Computer Program

The two-dimensional turbulent flow model discussed above has been imple-

mented in FORTRAN language on a UNIVAC 1110/80 computer system to facilitate
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the diffuser performance analysis. Many existing subroutines developed by

Anderson (Ref. 3.4) were used to minimize the program development effort. The
structure and capabilities of the program and format of input data are presented

in the sections which follow.

Structure

The overall structure of the computer programs for the flow distribution

control study can be depicted by Fig. 111.3. Located in the far left center of
the figure is the main program which reads, checks, and interprets the input
data and sets up the common block for the subroutines which are then called by

the main program to perform specific tasks. Based on the two-dimensional
potential flow theory, inviscid flow theory, and turbulent flow theory discussed

earlier, three major subroutines called COORST, CALINV, and CALVIS are used to

compute the flow-field coordinate system, the flow-distribution characteristics

(velocity, density, pressure, and temperature, etc.) based on inviscid flow

assumptions and turbulent viscous-flow assumptions, respectively. To reduce

unnecessary repetition of computation, the program was structured such that it
can be stopped at the end of each subroutine. The results computed by each

subroutine are stored on a catalogued storage file, called units 8, 9, 12 arid
22, respectively. In addition, the program also prints information on the

status of the execution process as well as the computed results through a

high-speed printer.

Unit-9 which is a storage file created by subroutine COORST, contains the

flow field coordinate systems. It can be read either by subroutine CALINV or
CALVIS. Using the coordinate system data and the inlet-flow conditions, the

subroutine CALINV will calculate the inviscid-flow solution and store the

results on unit 22, and similarly the subroutine CALVIS will store the viscous-
flow results on unit 8. The mass-flow-weighted diffuser performance charac-

teristics computed by both CALINV and CALVIS routines are stored in unit 12.

An independent program, which is not shown in Fig. 111.3, was also developed

to read those output data files and either print the results using a high-speed

printer or plot them on a Tetronix Interactive Terminal or a CALCOM plotter.

Capability

Although the program was developed with allowance for expansion to analyze

any compressible gas, the working fluid for the present study is assumed to be

air. The flow is subsonic and turbulent. The flow can be uniformly or nonuniformly
distributed in the transverse direction but is generally flowing in the axial

direction along the diffusers with a moderate to high Reynolds number.
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The program can analyze both annular and rectangular cross-section diffusers.
The rectangular-cross-section diffuser must be formed by two divergent and two
parallel walls so that it can be treated as a two-dimensional flow system. The
shape of the two divergent walls can be straight, curved, or zig-zag. For an

annular diffuser with no centerbody, a zero radius must be specified.

An important restriction to the computer program is that the inlet and exit
flow must have no normal pressure-gradients produced by streamline curvature.

To analyze diffusers which do not satisfy this requirement, one must properly

extend the diffuser walls at the inlet or exit to approximate the streamline
curvatures so that the normal pressure gradient can be maintained.

The maximum number of grid points (k ) across the diffuser is 130 and the
maximum number of streamline stations (i.) along the diffuser is 100.
To reduce the truncation error associated with the finite-differencing

process of the governing equations, the increment between the two streamlines

(Aki and/or between the two streamlined station (Aji) can be further
divided into several substeps through a built-in parameter in group-3 of the

input data. The flow-field coordinate system, the first- and second-order
derivatives of coordinate systems, and the flow properties and parameters, are

calculated for each grid point and stored on the output data storage files.
However, the results calculated for the substeps are used as input to the next

station only, and are not stored.

Input Data

Because the program was implemented on UNIVAC 1110/80 computer systems,
UNIVAC EXEC-8 job control languages (JCL) are used for running the program.
The program file and the output data files (units 8, 9, 12 and 22) must be

catalogued beforehand and must be assigned each time when the program is being
executed. A typical runstream is shown in Fig. 111.4 where the first 10

statements with a special prefixed character, @, are the JCL cards and the rest

of the runstream are the input-data cards. The input data are punched on

standard 80-column BCD cards to provide the vital information for the program.
These input data are divided into six groups:

Group 1: which is punched on one BCD card and contains up to 72 characters to
be used as the job title.

Group 2: which consists of six option parameters and is also punched on one BCD
card. These option parameters are used for selecting: I) diffuser

types, annular or rectangular cross-section diffusers; 2) solution

print of streamline station; 3) execution of subroutines; 4) starting

station number; and 5) ending station number to provide a high degree

of flexibility and efficiency in running the program.
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Group 3: which consists of eight input parameters to provide the normal and

streamwise grid-point information and is also punched on one BCD card.

Group 4: which is used to provide the diffuser geometry, five BCD cards are needed

for this group.

Group 5: which consists of sixteen parameters regarding the reference flow proper-

ties (determined based on standard sea-level atmospheric conditions) and

the averaged flow parameters at the diffuser inlet. Two BCD cards are
needed for this group.

Group 6: Actual flow distribution data at the diffuser inlet are given by this
group. Each BCD card contains four values describing the location, the

total pressure, the static pressure and the total temperature,

respectively, for a testing rake. Therefore, Group 6 consists of as

many BCD cards as the number of test data points.

All the flow distribution data and the diffuser geometry identified in

Section II are tabulated in this format. The results of the parametric diffuser
performance analyses are presented in Sections IV and V.
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CONFORMAL MAPPING OF 2-D DIFFUSERS
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R81-955200-4 FIG. 111.4

RUNSTREAM FOR FLOW DISTRIBUTION CONTROL PROGRAM

@RUN,/B Users ID, ACC NO, etc.

@ASG,AX EIGHT.,D

@ASG,AX NINE.,D

@ASG ,AX TWELVE.

@ASG,AX TWOTWO.,D

@USE 8,EIGHT.

@USE 9,NINE.

@USE 12,TWELVE.

@USE 22,TWOTWO.

@XQT file name.FDCP

Input Data Group I - Title

Input Data Group 2 - Option Parameters RUNOPT, DIFOPT, FSTOPT, LSTOPT, PRTOPT, PLTOPT

Input Data Group 3 - Mesh Parameters DDS, KL, JL, KDS, KLL, JLAST, JLPTS, LFIN

Input Data Group 4 - Diffuser Geometry Parameters

Input Data Group 5 - Reference and Averaged Flow Parameters

Input Data Group 6 - Inlet Flow distribution data

@FIN
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SECTION IV

PARAMETRIC ANALYSIS OF DIFFUSER PERFORMANCE

Parametric design and performance analyses of unstalled or slightly stalled,

two-dimensional diffusers were analyzed using the actual flow-distribution data

acquired as described in Section II and the analytical model developed in
Section III. Four sets of representative flow distribution data of marine gas

turbines selected for this study were presented in Tables 11.1 and 11.2. In

addition to those four sets of actual flow distribution data, an idealized set

of uniform-flow data was also selected to provide a basis for computing reference

results needed for studying the effect of flow nonuniformity on diffuser design

and performance. This idealized flow-distribution data was based on the
averaged values of DATA-I. Therefore, five sets of flow-distribution data were

included in this parametric analysis.

Although the flow-distribution computer program (FDCP) developed in Section III

is capable of analyzing many complex diffusers, a candidate diffuser for marine

gas turbine waste-heat-recovery system applications must be compatible with the

propulsion system requirements and the ship structure. For instance, the

diffuser-inlet cross-section must have the same dimensions as that of the gas

turbine exhaust box for easy installation. The length of the diffuser must be

either 9 feet or 18 ft for easy installation on the ship. It was found that,

for the marine gas turbine models considered in this study, the exhaust collecting

box has a 5-ft by 7-ft exit cross-section. These dimensions were then used as

the inlet of the diffusers. The length of the diffuser was assumed to be either

9 ft or 18 ft. The diffuser angles were varied for investigating its impact on
diffuser performance with different flow distributions.

Figure IV.l shows the twenty-five cases that were analyzed: these cases

result from combining five different diffuser configurations with five sets of

flow distribution data. The left column of Fig. IV.l shows the diffuser

configurations and the other columns are the case numbers for each combination

of the given diffuser and a specific set of flow distribution data.

IV.1 Preliminary Analysis of Diffuser Performance

To run the flow-distribution computer program, all the flow-distribution

data and diffuser geometries identified earlier must be arranged in accordance

to the specifications discussed in Section 111.5. Such an arrangement is shown

in Fig. IV.2 for case No. 6.
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Before the extensive parameteric analyses were undertaken, the flow-field

coordinates of diffusers were first established and the actual flow distribution
data were then checked. To establish the flow-field coordinates, the run-option

parameter was set equal to two. The flow-field coordinates were then calculated
by the COORST program shown Fig. 111.3 and the results were stored on disk

Unit-9. These results have also been plotted, as shown in Fig. IV.3 thru IV.7
for the five candidate diffusers. It should be mentioned that the flow-field
coordinates stored on the catalog file of unit-9 can be retrieved as many times

as needed for analyzing different flow-distrib.ition data.

The actual flow-distribution data acquired as shown in Section II for two major

marine gas turbine models were used in this study. However, if the test data
acquired do not satisfy the basic flow theory on which the analytical
model was developed, proper modification of input data becomes necessary. For
instance, if the input stagnation pressure is smaller than static pressure at a
given point, then those conditions violate the isentropic relationship. An
error message will be printed and computation is terminated. On the other hand when

the inputs of static pressure do not satisfy the normal component momentum
equation, theoretical values will be used and computation process is continued

without interruption.

Figure IV.8 compares the measured static pressure profiles from the test data

with the calculated data which satisfy the momentum equations. The test data
fluctuate, while the calculated data are much smoother. The disagreement
between the two sets of data can be attributed to the fact that the test data
might not be taken along the same streamline surface, or might not be taken in

steady-state engine operation. In order to use the analytical model, the
calculated pressure profiles have to be used. Based on these calculated
static-pressure profiles and the total pressure distribution data presented in

Table 11.1, the velocity profiles were calculated and presented in Fig. IV.9

and IV.lO for the two candidate gas turbine models.

Because the actual velocity-distribution data near the walls were not availablv,

Cole's turbulent boundary layer model (Ref. 4.1) was used to provide the

initial profiles for the boundary layer region (shown in dotted lines in Figs.
IV.9 and IV.1O). It is expected that the initial velocity profile assumed for
the boundary layer region will have certain effects on the results (Ref. 4.2).
The results of this analysis can be easily modified when more reliable test
data become available.
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IV.2 Discussion of Results

Flow-distribution characteristics (which include the velocity profiles,

the mass flux distribution, the pressure-recovery and temperature profiles)

were calculated at each streamline station of the flow-field coordinates.

These results were selectively plotted for discussions. Figure IV.ll thru

IV.14 show these results for Cases No. 6 and No. 22. The results for other

cases are similar in nature and will not be shown. Only comparative results

are discussed herein.

The results are plotted using the scale factor given in the lower left

corner of each figure. The arrows represent the magnitude of the flow-distribu-

tion data, and the dash lines represent the actual location of the streamline
station. Figures IV.l1 and IV.12 show that without implementing an effective

flow-distribution control device, the flow-distribution nonuniformity remains

almost unchanged throughout the flow field. Boundary-layer separation exists
in all the non-uniform flow cases and the separation always occurs on the wall

of the lower velocity side. Both Figs. IV.l1 and IV.12 also show that the

sluggish flow, which appears near the centerline region of the diffuser in the
initial profile, has become more uniform as the fluid flows along the diffuser.

This is due to the viscosity effect which would slow down the fast-moving fluid

elements and speed up the slow-moving elements. Figure IV.13 shows that the

pressure recovery profiles at each streamline station are not uniform. The
pressure recovery is higher on the higher-velocity side where the initial

static pressure is lower (Fig. IV.8). Therefore, one would expect a rather

uniformly distributed static-pressure profile at the exit of the diffuser.

Shown in Fig. IV.14 are the calculated temperature profiles which remain

rather uniform and constant throughout the diffusion process, because the
initial temperature profile was assumed uniform and the wall condition was

assumed to be adiabatic. The results of uniformly distributed pressure and
temperature identified from this study should be beneficial to the design of
waste-heat-recovery systems.

The parametric performance analysis of diffuser configuration No. 5 has

not been very successful, because of the very large diffuser angle. Boundary

layer separation occurs almost immediately after the fluid passes the diffuser

throat. Figure IV.15 shows the typical results of this study. This diffuser
will be studied further in Section V.
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Figure IV.16 shows the velocity ratio and pressure-recovery coefficient as
a function of diffuser length. The results were obtained by integrating the
velocity profile and pressure-recovery profiles along the velocity-potential
line at each streamline station and then weighted by the mass-flow rate. It
was found that most kinetic energy has been converted into pressure in the
first half (approximately 10 ft) of the diffuser length. In the second half of
the diffuser, because boundary layer separation occurred, diffuser efficiency
remains constant. This phenomenon was seen in all non-uniform flow cases.
Figure IV.16 also presents the pressure-recovery-coefficient calculated from
invisid-flow theory and also from the Bernoulli theory. The difference between
these two curves represents the effect of nonuniform-flow distribution on the

diffuser performance.

Comparisons of two-dimensional diffuser efficiencies for Cases No. 1 thru 20
are shown in Fig. IV.17 where the solid lines and dotted line represent the
results obtained based on turbulent-flow theory and inviscid-flow theory,

respectively. These results can be classified into two groups: the upper
group is for uniform-flow cases No. 1 thru 4, and the lower one is for the
nonuniform-flow cases No. 5 thru 20. For the uniform-flow cases, the results

from the inviscid-flow models fall on top of each other, and the values are
found to be almost equal to those obtained from the Bernoulli equation. The

results obtained from turbulent-flow models varied among the four diffusers,
and the values are significantly lower than those from the inviscid-flow

model.

For the nonuniform-flow cases, the performance results of the inviscid-flow

model are computed only up to an area ratio of approximately 1.3. Beyond that

point, reverse-flow developed in the core region and the governing equations
are not valid. On the other hand, the turbulent-flow model does provide
performance results up to an area ratio as high as 2.0. The results of this
study indicated that the diffuser efficiency based on the actual flow-distribution

data of marine gas turbine exhaust is approximately 50 percent lower than that
based on an assumption of uniform flow.

IV.3 Improvement of the Analytical Model

In carrying out parametric analyses of diffusers, one major difficulty was
to deal with the problem of boundary-layer separation. The phenomenon of boundary-
layer separation seems intimately connected with the operation of diffusers.
It is known that in the far-away-from-the-wall region, there is a transformation

of kinetic energy into pressure as the fluid travels along the diffuser.

Therefore, the static pressure increases as the diffusion process continues.

This is generally referred to as external pressure and will impress on the

boundary layer locally according to boundary-layer theory. On the other
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hand, a fluid particle which moves in the immediate vicinity of the wall in the

boundary layer remains under the influence of both the local external pressure

and the wall friction. Owing to the large friction force in the thin boundary

layer such a particle consumes so much of its kinetic energy on its path along

the diffuser wall that it will eventually reach a separation point which is
defined as (3u/Dy)w = 0. Beyond that point, the external pressure would

cause the fluid particles near the wall to move in the opposite direction,

commonly known as separated flow.

Because the integration of boundary layer equations is known to be unstable

in the region of separated flow, special efforts must be made to modify the
flow-distribution program. This effort includes the adoption of Reyhnel and

Flugg-Lotz's approximation method (Ref. 4.3) and the global iteration procedure

invented by Carter, and Cebeci et a] (Refs. 4.4 and 4.5). Details of this

program modification and the example study are presented in Ref. 4.5.

Several control options and diagnoses were incorporated in the program as

methods to check the input data and also to improve computational accuracy and

numerical stability. For instance, the input data wet, first checked by a
CKINPT program to ensure that they are compatible with each other. When the

calculated value of temperature, pressure or density becomes negative, a
numerical-instability diagnosis and the pertinent information associated with

the flow field is printed, and then the computer analysis is stopped. Using

the printed information, one can take appropriate action to improve the numerical

results.

IV.4 Impact of Flow Nonuniformity on Design of Diffusers

and Waste-Heat Boilers

General technical problems which can be attributed to nonuniform flow in

heat exchangers or flow-equipment systems have been reviewed in Section I.
Only the impact of flow-distribution nonuniformity on diffuser and waste-heat

boiler performance and design are discussed in this section.

The effects of nonuniform flow at the diffuser inlet on flow regimes and

diffuser performance have been studied by many -esearchers (Ref. 4.7 thru

4.9). The results of these studies have shown that the flow-distribution

nonuniformity at the diffuser inlet can reduce the diffuser efficiency signifi-

cantly. Based on the actual flow-distribution data of marine gas turbine

exhaust flows, the results of this study (seen earlier in Fig. IV.17) show

that the diffuser efficiency drops as much as 50 percent as compared to the

efficiency with uniform-flow conditions.
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As far as the effect of flow-distribution nonuniformity on the design of
two-dimensional diffusers is concerned, the results of these parametric design
and performance analyses indicate that the method of using non-symmetric

diffuser angles would not improve either the flow distribution or the diffuser
efficiency. The problems associated with boundary-layer separation and reverse

flow for the nonuniform flow cases are found to be worse than those in symmetric
diffusers with uniform flow. To achieve the objectives of this flow-distribution

control study, a combination of a flow-distribution control method and some
means of preventing boundary-layer separation must be considered. In addition,
the results of this study would also reveal that most existing diffusers

designed for gas turbine waste-heat recovery systems might have been over-

sized. It would appear that these existing diffusers can be modified, if
necessary, with well-planned and carefully performed flow-modeling studies in
order to reduce their sizes.

The detrimental effect of flow maldistribution to the thermal performance
and life expectancy of heat exchangers is well known (Ref. 3.10). As much as a

30 percent degradation of heat transfer effectiveness could be ascribed to the
poor flow distribution through the exchanger core (Ref. 3.11). Differential

dynamic head in an exchanger core due to nonuniform-flow distribution might

cause some difficulties in designing a waste-heat boiler. In addition, in
order to avoid problems of flue gas condensation (or corrosion problems), the

exit gas temperature from a gas turbine waste-heat boiler must be kept above

300F. This temperature limitation implies that the heat transfer element of a
waste-heat boiler might have to be shaped in accordance with the flow distribu-
tion profile. To avoid these problems in the design of gas turbine waste-heat
boilers, feasible means for controlling the flow distribution to achieve a more

uniformly distributed flow will be investigated in the next section.
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EXAMPLE RUN-STREAM FOR FLOW-DISTRIBUTION COMPUTER PROGRAM

@RUN CARD

@ASG,AX EIGHT (1), D

@ASG,AX NINE (1), D

@ASG,AX TWELVE (1)

@ASG,AX TWOTWO (1), D

@ASG,T 10,D

@ASG,T 11,D

@ASG,T 14,D

@USE 8,EIGHT (1)

@USE 9,NINE (1)

@USE 12,TWELVE (1).

@USE 22,TWOTWO (1)

@XQT SPCS.MAPFDCS
FLOW DISTRIBUTION CONTROL STUDY CASE-6

5 8 950 1 0

41 50 5 13 0 4 0

25.0 1.20 0.0 7.0

12.0 12.0 19.30 19.0

0.0 2.0 20.0 25.0

7.0 7.0 7.0 7.0

0.0 2.0 20.0 25.0

2163.94 1316.00 .016 .41 26.0 .44 .750 5997.60 4283.70 .713E-80

.0843 0.0 .0341 .0341 7.0 7.0
.000 2149.06 2140.89 1316.00

.045 2149.06 2144.89 1316.00

.136 2148.54 2143.85 1316.00

.277 2146.98 2142.81 1316.00

.318 2145.94 2142.29 1316.00

.409 2144.30 2140.21 1316.00

.500 2144.89 2137.61 1316.00

.591 2154.78 2140.73 1316.00

.682 2187.04 2152.70 1316.00

.773 2195.88 2139.17 1316.00

.864 2195.36 2142.81 1316.00

.955 2139.69 2132.93 1316.00
1.000 2139.69 2132.93 1297.00

@FIN
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FLOW FIELD COORDINATES FOR DIFFUSER CONFIGURATION NO. 1

0 3 ft

SCALE
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FLOW FIELD COORDINATES FOR DIFFUSER CONFIGURATION NO. 2

SCALE

77--9B-12
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FLOW FIELD COORDINATES FOR DIFFUSER CONFIGURATION NO. 3

SCALE
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FLOW FIELD COORDINATES FOR DIFFUSER CONFIGURATION NO. 4

SCALE
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FLOW FIELD COORDINATES FOR DIFFUSER CONFIGURATION NO. 5

0 21

SCALE
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MODIFICATION OF STATIC PRESSURE DATA OF DD-963 CLASS GAS TURBINE
MODULE-2B3 TO SATISFY MOMENTUM EQUATIONS
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CALCULATED EXHAUST GAS VELOCITY PROFILES FOR DD-963 CLASS
PROTOTYPE GAS TURBINE MODULE-28

-- - -ASSUMED INITIAL BOUNDARY LAYER
BASED ON COLE*S FORMULA (REF 4 1)
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CALCULATED EXHAUST GAS VELOCITY PROFILES FOR
UTC-FT4 MARINE GAS TURBINE

--- ASSUMBED INITIAL BOUNDARY LAYER
BASED ON COLE'S FORMULA (REF 4 1)
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VELOCITY DISTRIBUTION CHARACTERISTICS FOR CASE NO. 6

SCALE

DIFFUSER 0 3I1
VELOCITY 0 300 ft/sec

01-6-95-20
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R81-955200-4 FIG. IV,12

MASS FLUX DISTRIBUTION CHARACTERISTICS FOR CASE NO. 6

'1Ij
SCALE ~Y~U1
DIFFUSER 0 3 f1

MASS 0 10 Iblft
2
.sec
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PRESSURE RECOVERY PROFILES FOR CASE NO. 6

SCALE _ _-

DIFFUSER 0 31t
PRESSURE 0 1 5 PSi

6"SI1 -6-95-21
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R81-955200-4 FIG. IV.14

TEMPERATURE PROFILES FOR CASE NO. 6

SCALE UIII i III
DIFFUSER 0 3 It
TEMPIERATURE 0 2000*R
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R81-955200-4 FIG. IV.15

MASS-FLUX DISTRIBUTION CHARACTERISTICS FOR CASE NO. 22

tliu
SCALE __ ,.. _ _

DIFFUSER 0 211
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COMPARISON OF PERFORMANCE CHARACTERISTICS FOR
A TWO-DIMENSIONAL DIFFUSER
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COMPARISON OF PERFORMANCES FOR TWO-DIMENSIONAL DIFFUSERS

- TURBULENT FLOW MODEL --- INVISCID FLOW MODEL

1JJ

DIFF USER
CONFIGURATION

0.8 -1,2,3.4
0.8 UNIFORM FLOW

0 1.2

0 00
O 0.6- 0

w4

w
cc 0.4
cl,

w

0.2

MARINE GAS TURBINE MODELS

1.0 1.2 1.4 16 1 8 2.0 2.2
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SECTION V

DIFFUSER PERFORIANCE WITH FLOW-DISTRIBUTION CuNTROL

Resulks of parametric analyses for diffuser performance presented in

Section IV indicate that the nonuniform flow distribution at the diffuser

inlet would remain nonuniform in the absence of flow-distribution control as

the fluid travels through the diffuser. The nonuniform flow distribution would

cause as much as a 50 percent reduction in diffuser efficiency (or the pressure

recovery coefficient) as compared with the uniform-flow case. This would

definitely offer the incentives for developing and implementing suitable flow

distribution control devices for diffusers. In this section, effective flow-

distribution control methods identified in the study are reviewed, and their

effect on diffuser performance and flow-distribution characteristics are

presented.

V.1 Selection of Flow Distribution Control Methods

Based on results of diffuser performance analyses presented in Section IV,

configurations No. 2 and No. 5 of Fig. IV.I were selected as candidate diffusers

for flow-distribution control studies. Using the same nonuniform flow-distribution

data, configuration No. 4 would perform better than No. 3, No. 2 and No. 1 in

that order. However, the differences between the highest and the lowest

efficiencies obtained for the four configurations were not more than 5 percent.

This was considered insignificant in comparison to the advantages of simplicity

and availability which configuration No. 2 could offer for the current DD963-class

destroyer applications. In addition, the flow-distribution control method

developed based on configuration No. 2 would have more direct applications for

the Navy. Hence, it is believed that the selection of configuration No. 2 as

one of the candidate diffusers is appropriate. Because configuration No. 5 is

considered as a typical very-wide-angle diffuser which can offer the advantages

of significant savings in size (length) and weight for marine waste-heat

recovery application, it was selected as the second candidate diffuser for the

flow-distribution control study.

Among those practical flow-distribution control methods shown in Table I.1,

the method that could most effectively produce more uniform flow is the use of

flow-guide vanes. To use flow-guide vanes, one must assume that: (1) the mass-

flow rate in each flow "chaniiel" be proportional to its own exit flow area, and

(2) the input velocity profile will not be affected by the insertion of the flow-

guide vane(s). The second assumption implies that the flow-guide vanes must be

specially designed such that they can completely segregate the flow in each

flow stream and not allow the streams to recombine at the exit of the diffuser.
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It is known that when flow-distribution vanes are used, the diffuser is

essentially divided into several sub-diffusers which would perform differently
and provide different down-stream flow conditions. If one allows these flow

streams to mix downstream, a completely new down-stream condition would be
created which would alter the original computation results as well as the input

velocity profile.

The candidate flow-distribution data selected for this study were DATA-2

of Table II.1. This means that cases No. 10 and 23 of Fir. IV.A were selected

for the flow-distribution control study. The mass-flux p-ofile of these

candidate data was plotted in Fig. V.1 to illustrate the selection process of
appropriate flow-guide vanes.

Figure V.1 clearly shows that the mass flux is severely distorted and is more

densely distributed in the left-hand region of the diffuser. In order to

properly divide the mass flux into several regions for flow-guide vanes, the
mass flux was integrated across the diffuser which are presented in non-dimpnsional

form as shown in Fig. V.2.

Figure V.2 can be used easily to determine the accurate location of the

flow-guide vanes at the diffuser inlet section. To do so, one simply divides
the vertical coordinate into regions according to the mass-flow rates desired

for each channel, and then one draws a straight line horizontally until it

intersects with the integrated mass-flow line. The readings on the abscissa

for the intersection points are the places where the vanes should be located.

For instance, if one wishes to use a single vane and desires to divide the
total mass flow equally into two streams, the flow-guide vane should be located
at approximately 34 percent inlet width (or 1.7 ft) from the left wall.

Determining the location of the flow-guide vane at the diffuser exit is

more flexible. One desirable choice is to equally divide the exit area of the
diffusers such that the heating elements in the boiler can be designed as

interchangeable modules. Between the two locations (the inlet and the exit),
the flow-guide vane can have any shape. The most commonly used shape is a
flat plate. A curved plate, however, might offer some advantage in preventing

or delaying boundary-layer separation. But, for the purpose of studying basic

flow-distribution phenomena, the flat-plate vane will suffice.

- 92
im- -I-- .. t



R81-955200-4

V.2 Diffuser Performance with Flow-Distribution Control

Three flow-distribution control methods were investigated: (1) flow

injection; (2) flow-distribution vanes; and (3) a combination of methods (1)
and (2). The injection flow could be the cooling flow from the casing of the

gas turbine (Fig. II.1). The results of this study are presented below.

Figure V.3 shows the mass-flux distribution characteristics for the candidate
diffuser with one point of flow injection on the right-side wall of the diffuser.

The flow-injection slot was located approximately 14 ft from the diffuser inlet,

which is the location where boundary-layer separation occured. The flow rate of

injection was approximately 17 lb/sec (or 10 percent of the main stream). It was
found that the bouneary-layer separation was completely suppressed, and that the

diffuser performance improved slightly (which improvement will be discussed later

in conjunction with Fig. V.8). However, flow distribution at the exit of the
diffuser was not improved significantly.

To use flow-distribution vanes, it was assumed that the mass-flow rate and

the flow area at the diffuser exit were both equally divided into two channels.

The diffuser geometries and flow-field coordinates for this case are shown in

Fig. V.4. The mass-flux profiles at three selected streamline stations are

shown in Fig. V.5. This figure also shows the development of boundary-layer

flow separation and reverse-flow on the left-side wall of the diffuser. The

flow separation actually started approximately 4 ft from the diffuser inlet.

The numerical calculation was continued and finally interrupted due to numerical

instability at approximately 15 ft from the diffuser inlet. Again, the flow

distribution at the diffuser exit for this case is still not quite sufficiently

uniform.

The last attempt to control the flow distribution was to combine the above

two methods, namely, flow injection and a flow-guide vane. Results of this

study are selectively presented in Figs. V.6 and V.7 for the mass-flux distribution

and pressure-recovery profiles, respectively. The flow-injection was made on
the left-hand wall of the diffuser at approximately 7 ft from the diffuser

inlet. The rate of injection was approximately 16 lb/sec (approximately 9

percent of the main stream). Figure V.6 clearly shows that the flow distribution

at the diffuser exit for this case is much more uniform as compared with those

shown in Figs IV.12, V.3, or V.5. The pressure-recovery profiles are shown in

Fig. V.7 where the diffuser on the left side was performing better than the one

on the right side. This is because the flow on the left-hand channel has a

higher inlet velocity (or inlet kinetic energy) to be diffused. As long as the

flows from the two channels do not mix together, the results of this study are

physically sound.
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It should be mentioned that the velocity and temperature profiles are not
shown because the former has almost exactly the same shape as the mass-flux
profile, and the latter is uniformly distributed over the entire flow field.

Comparisons of diffuser performance with and without flow-distribution
control for this candidate diffuser (Configuration No. 2 of Figure IV.l) are

shown in Fig. V.8. In this figure, the dotted curve represents the diffuser

efficiency obtained from a uniform-flow assumption and has a maximum value of

approximately 75 percent, while the bottom curve represents the efficiency of
the same diffuser based on DATA-2 non-uniform flow at the inlet without flow
distribution control. This curve has a peak value of approximately 36 percent.

The results of diffuser performance analysis with three flow-distribution-control
methods fall between the above two extremes as expected. It was found that

with one point of flow injection and one flow-distribution guide vane, an
improvement of more than 20 percentage points in diffuser efficiency can be
expected as compared with the results from the case without flow-distribution

control.

A similar study was also made of the very-wide-angle diffuser (configuration
No. 5 of Fig. IV.l). Figures V.9 shows the mass-flux for this configuration

using the same flow-distribution data shown in Fig. V.1 and one flow-distribution
vane. Because the left channel has a diffusion angle of approximately 42@
(which is still too large), therefore boundary-layer separation was expected

and severely stalled flow is seen on the left-wall. In the right-hand channel,
no boundary-layer separation occurred throughout the entire flow field. The
pressure-rrcovery characteristics for this diffuser configuration are shown in
Fig. V.10, where two negative-value regions are seen near the wall at the
diffuser throat. This negative value means a pressure loss, which is attributed

to the wall friction acting on the fluid when it flows through the constant-area
duct in the front section of the diffuser. This pressure loss was quickly

recovered as the fluid flows through each channel. Figure V.10 also show that
the left channel is performing much better than the right channel because of

the higher dynamic head at the diffuser inlet.

To eliminate flow separation, the flow-injection method was also employed.

The improved mass-flux distribution with flow injection is shown in Fig. V.11.
In this case, the injection flow rate was approximately 16 lb/sec and the

injection slot was located on the left wall at a location 1.5 ft downstream of

the diffuser inlet. The injection pressure was assumed equal to the local
pressure which was identified as 14.84 psia.
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The comparison of diffuser efficiencies for this study is given in Fig. V.12.
In this figure, the dotted curve represents the diffuser efficiency (or pressure-
recovery coefficient) for the case without control. This curve ends shortly after
the diffuser inlet because of the numerical instability caused by the severe flow
separation that occurred in this region. The diffuser efficiency for this case was
almost zero. In contrast, the solid line represents the results for the controlled
case using one flow-distribution vane and one point of flow injection. The results
show that the pressure loss for the controlled case is higher than that of the non-
controlled case near the diffuser inlet due to friction losses on the flow-guide
vane. However the overall diffuser efficiency was found to be approximately 22 per-
cent with only a flow-distribution vane, and that would be improved by approximately
15 percentage points by using flow injection also to control boundary-layer separa-
tion.

V.3 Impact of Flow-Distribution Control on Waste-Heat Recovery System

Results of the above studies indicate that either one of the two flow-distribu-
tion-control methods considered (flow-guide vane and :low injection) can improve
the flow distribution in the diffuser which, in turn, would yield a better dif-
fuser efficiency. However the best results can be obtained by properly combining
the two methods. The overall improvement of diffuser efficiency was approximately

20 percentage points for Configuration No. 2 and 36 percentage points for Config-
uration No. 5. This improvement of 20- to 36-percentage points in diffuser effi-
ciency is equivalent to 0.8 to 1.4 inches of water in static pressure increase.
This increased static pressure at the diffuser exit means that the waste-heat
boiler can be designed with higher pressure loss and the waste-heat recovery system
could be smaller and lighter. A more uniform flow distribution can not only improve
diffuser efficiency, but also improve boiler efficiency. According to reference 4.11,
as much as a 30 percent increase in efficiency of the overall heat-transfer unit
could be expected for certain types of heat exchangers. The impact of this flow-
distribution control on the marine gas turbine waste-heat boiler will be investigated
in Part II of this study.

As mentioned earlier, the purpose of using the flow-distribution vane was to
properly divide the mass flow into each channel so that the heat-transfer element
of the waste-heat boiler can be modularized. In addition, the flow-distribution
vane can also reduce the overall diffusion angle which would be beneficial to pre-
vent boundary-layer separation in the diffuser. If boundary-layer separation can
not be eliminated by the flow-guide vane, the flow-injection method should be used.
This method would require an independent flow-injection stream, which could be
available from the engine cooling flow as shown previously in Fig. 11.1. However,
a monitoring device would be needed to maintain this stream at a suitable flow rate
and pressure level.
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EXHAUST-GAS MASS-FLUX PROFILES OF DD-963 CLASS DESTROYER
PROTOTYPE GAS TURBINE MODULE 2B
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INTEGRATED MASS FLOW RATE AND METHOD OF DETERMINING THE
LOCATION OF FLOW DISTRIBUTION VANES

*DD963 CLASS DESTROYER PROTOTYPE GAS TURBINE MODEL 2B
*OUTPUT POWER =10.200 SHP
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R81-955200-4 FIG. V 3

MASS-FLUX PROFILES FOR CANDIDATE FLOW SYSTEM NO. 1 WITH ONE FLOW INJECTION
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R81 -955200-4 FIG. V.4

FLOW-FIELD COORDINATES FOR CANL ATE DIFFUSER NO.1
WITH ONE FLOW-DISTRIBUTION VANE
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R81-955200-4 FIG. V.5

MASS-FLUX PROFILES FOR CANDIDATE FLOW SYSTEM NO. I
WITH ONE FLOW-DISTRIBUTION VANE
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MASS-FLUX PROFILES FOR CANDIDATE FLOW SYSTEM NO. 1
WITH ONE FLOW-GUIDE VANE AND ONE FLOW INJECTION
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R81 -955200-4 FIG. V. 7

PRESSURE-RECOVERY PROFILES FOR CANDIDATE SYSTEM NO. 1

WITH ONE FLOW-GUIDE VANE AND ONE FLOW INJECTION
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MASS-FLUX PROFILES FOR CANDIDATE FLOW SYSTEM NO. 2
WITH ONE FLOW-GUIDE VANE
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R81-955200-4 FIG. V.10

PRESSURE.RECOVERY PROFILES FOR CANDIDATE FLOW SYSTEM
NO. 2 WITH ONE FLOW-GUIDE VANE
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MASS-FLUX PROFILES FOR CANDIDATES FLOW SYSTEM NO. 2
WITH ONE FLOW-GUIDE VANE AND ONE FLOW INJECTION
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COMPARISON OF DIFFUSE PERFORMANCE FOR CONFIGURATION NO. 5
WITH AND WITHOUT FLOW-DISTRIBUTION CONTROL

WITH ONE FLOW BAFFLE AND ONE FLOW INJECTION
WITHOUT FLOW-DISTRIBUTION CONTROL
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